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Abstract
Soldering is a commonly used method to join two non-ferrous metals together,
such as bonding copper wires or electrical components to circuit boards. Flux is typically used to remove the oxide layer on the metallic substrate but can release harmful
chemicals and degrade the solder joint quality. Ultrasonic Assisted Soldering (UAS)
was developed as an alternative to traditional soldering which eliminates the need for
flux by using ultrasonic vibrations to nucleate microbubbles which remove the oxide
layer during cavitation. The interaction between the applied acoustic field and solder
melt affects the wetting properties of the solder joint by increasing the wetted area. A
model is developed to predict the solder bead geometry, as it depends upon capillarity,
gravitational effects, and the acoustic radiation pressure due to ultrasonic vibrations.
Numerical results are compared with careful experiments using the automated UAS
system to generate solder lines that are imaged with optical profilometry to quantify
the degree of wetting. The agreement between theory and experiment is good and we
show the wetted width can be predicted as a function of the input ultrasonic power.
This capability is greatly needed to automate the UAS process for precision soldering
and is a major advance for the manufacturing industry.
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Chapter 1
Introduction
Soldering is a commonly used means to join two non-ferrous metals together,
such as bonding copper wires or electrical components to circuit boards. However,
oxide layers can develop on metallic surfaces and affect the adhesion and strength of
the solder bond [25, 74]. Therefore, flux has been used to remove the oxide layers
through a redox chemical reaction to promote better adhesion and wetting of the
solder [73]. Unfortunately, this reaction can release hazardous chemicals and flux
residue can cause unwanted electrical resistance and reduce the strength of the solder
bond [3, 70]. Ultrasonic Assisted Soldering (UAS) was developed as an alternative
soldering method that eliminates the need for flux by using ultrasonic vibrations to
facilitate adhesion by removing the oxide layer through cavitation [21, 40, 41, 65].
The first mention of ultrasonic fluxless soldering dates back to 1936 in Germany, with an ultrasonic soldering iron patent following in 1939 [2]. Additional
designs were manufactured as scientists, engineers, and companies sought an environmentally friendly alternative to traditional soldering with flux [13, 30]. Flux is used in
the soldering process to remove an inert oxide layer from the base metal, improve the
wettability of the solder, and prevent any further oxides from forming so that the sol1

der can adhere directly to the exposed metal [27]. However, flux has posed numerous
problems with the quality of the solder bond and health risks. While flux can clean
off an oxide surface, its aggressive compounds can also be corrosive to the metal. In
electronic applications, the flux can reduce the performance of high-frequency circuits
[14], and the solder bonds can be weakened if the flux is not dissolved from the surface
metal and forms voids within the solder. Additionally, fumes from rosin flux have
been recognized to cause occupational asthma, and direct contact with the flux can
cause skin problems [18, 22, 57]. With all the adverse effects from soldering with flux,
the promising alternative of ultrasonic soldering gained popularity. Over the next
thirty years, research continued to improve UAS, but there were still inconsistencies
in the joint quality. It wasn’t until the mid 1970’s that UAS proved to be a reliable
process and received more widespread attention and use [2].

1.1

Cavitation
As ultrasonic assisted soldering gained popularity, research focused on under-

standing how UAS facilitated bonding to metal substrates. It is generally accepted
that cavitation is responsible for the removal of the oxide layer to improve adhesion
at the metal/substrate interface [69]. Noltingk and Neppiras were the first to attribute the efficacy of UAS to cavitation. In 1950, they wrote, “Aluminum is known
to have a low resistance to cavitation erosion, even in water, so it is not surprising
that collapsing voids in molten solder will be able to disrupt the surface, exposing
the aluminum underneath for alloying with the metal which is impinging violently
against it in the very action of cavitation”[55].
Cavitation is the formation and subsequent collapse of bubbles in rapidly
changing pressure fields. Similar to boiling, cavitation is initiated when an element of
2

fluid reaches its vapor pressure and undergoes a phase change from liquid to vapor.
However, unlike boiling, cavitation is the result of a local pressure drop in the fluid
at a nearly constant temperature, while boiling is a result of a decrease in the vapor
pressure due to increased temperature [23]. A common example of cavitation occurs
on the back side of a propeller, which experiences lower pressure than the side facing
the direction of rotation and can induce cavitating bubbles.

Figure 1.1: Two cycles of the oscillation of a large cavity at an ultrasonic tip of 3mm
submerged in water. A cloud of microbubbles can also be seen below the tip [75].

In the case of UAS, the pressure differences in the molten solder arise from
sound waves passing through the liquid as a series of compression and expansion
waves. If an expansion wave is intense enough, it can create a pressure region lower
than the vapor pressure of the liquid solder and cause a cavity to form from a microscopic nuclei within the solder melt [23]. The bubble oscillates with the changing
pressure field and can grow in size due to rectified diffusion, which states that the
growing process of a bubble is kinetically faster than the shrinking process because
the bubble’s surface area is larger upon expansion [63]. The bubble can grow with
resonance to the sound field; however, it eventually reaches a critical size where it
3

(a)

(b)

Figure 1.2: Illustration of (a) microjets [15] and (b) cavitation damage on a propeller
[67].
can no longer efficiently absorb energy and it violently collapses during the next
compression wave (see Figure 1.1 for a cycle of a cavitating bubble due to acoustic
vibrations). The collapsing bubble releases high levels of energy, temperature, and
pressure, causing acoustic streaming and micro-jets [44, 45]. The micro-jets, shown
in Figure 1.2(a), impact the substrate’s surface and break up the oxide layer to reveal
fresh metal for effective bonding [72]. Figure 1.2(b) shows how cavitation can cause
damage to objects due to the energy of its impacts. Therefore, cavitation in UAS has
sufficient energy to clean off the metal’s oxide layer.

1.2

Modern Usage of UAS
Ultrasonic assisted soldering has seen renewed interest and research as it has

been used to join dissimilar materials [21, 29, 35, 36, 37, 41, 53, 71, 72]. For example,
aluminum was rarely used as a solder base metal because it required a very corrosive flux to remove its oxide [27]. However, with UAS, aluminum, ceramics, silica,
glass, metal matrix composites, and other difficult-to-join materials have been used
in soldering applications [44]. Various industries have started using UAS in different
areas such as soldering on glass solar panels for photovoltaics [46, 68], soldering to
aluminum components to save weight and costs [32, 66], and hermetically sealing
4

dissimilar materials with solder [34].
While the ability to solder dissimilar materials has increased work in UAS, the
process of adhesion is not as well understood as it was with metals. In traditional
soldering, the cavitation induced by ultrasonic vibrations removed the oxide layer
so that the solder could bond to the metal [33, 45]. However, ceramic and glass
substrates are oxides, so the cavitation can not simply remove an oxide layer. It is
speculated that the energy provided from cavitation helps clean off the substrate’s
surface and facilitates adhesion through the formation of covalent bonds between the
ceramic or glass substrate and metallic solder [24, 60]. With a growing desire to
standardize UAS for industrial applications, there is pressing interest in the bonding
mechanism of solder to ceramics and other dissimilar materials.

1.3

Research Motivation
In 2017, Harris Corporation (now L3Harris) tasked a few senior design teams

at Clemson University to provide a means to rotate an ultrasonic soldering tip stack
assembly to maintain leading edge soldering. L3Harris is interested in understanding,
standardizing, and optimizing the UAS process for proprietary purposes, and they
began funding a research group at Clemson to investigate UAS. The group outfitted
a Hyrel Hydra 3D printer with the stack assembly and began conducting UAS experiments (see Chapter 2). The UAS system was used to solder lines on silica-glass
substrates under different soldering parameters such as ultrasonic power, tip speed,
tip height, and extrusion rate to understand which parameters greatly impact the
solder quality [12, 21, 26, 29, 33, 56, 65].
This thesis focuses on measuring the wetting properties of the solder lines
and understanding why ultrasonic vibrations lead to increased wetting of the solder.
5

Through experiments with the UAS system, it was seen that as the power applied to
the ultrasonic soldering tip was increased, the wetted width of the solder line would
increase. The theory of acoustic radiation pressure is proposed as the explanation for
the improved wetting behavior. Various experiments are performed, and the solder
line geometry, width, height, contact angle, and cross-sectional area, are measured to
understand how wetting is affected by UAS process parameters.
Measurements and investigations of the wetting properties of solder lines fabricated with UAS can impact other research efforts to understand the adhesion process of UAS with dissimilar materials. The adhesive strength of a solder bond can
be directly tied to its wetting properties through the work of adhesion [59], which
is the “reversible thermodynamic work required to separate the interface from the
equilibrium state of two phases to a separation distance of infinity” [20]. It can be
represented by the relationship,

W = σ(1 + cos α),

(1.1)

where σ is the surface tension at the solid-liquid interface, and α is the contact angle
of the wetting liquid. Therefore, improved wetting of solder, which corresponds to a
decreased contact angle, can lead to increased adhesion of the solder bond. Learning
how acoustic radiation pressure improves wetting properties can also lend a greater
understanding into the adhesion of solder in UAS.

1.4

Overview of Thesis
This thesis focuses on 1) system development of an automated UAS system and

2) enhanced wetting in the UAS process. The UAS machine is able to repeatably and

6

precisely solder lines onto silica-glass slides while controlling each soldering parameter
with great precision. Particular attention is given to the verification of the autoextruder’s ability to control the volumetric flow of solder. This control allows for
solder lines to have a constant cross-section along their length, which makes it easier
to analyze the measured wetting properties. Detailed experiments were conducted
to investigate the effect of the ultrasonic power and the tip height on the solder
geometry, and three different means of data collection and analysis are employed
to ensure accurate measurement of the wetting properties. The results show that
increased ultrasonic power or decreased solder tip height leads to improved wetting
properties.
The second half of the thesis focuses on developing a predictive model for the
solder bead shapes, as they depend upon the acoustic radiation pressure, which is
the time-average pressure acting on an interface influenced by a sound field [28, 31].
Capillarity is the dominant force and it is shown that the interface shape obeys
a nonlinear differential equation, i.e. the Young-Laplace equation [19]. Acoustic
radiation pressure and gravity enter the model through the liquid pressure. Numerical
solutions are computed using MATLAB and the theoretical results compare favorably
to experiment.

7

Chapter 2
UAS System Development
In order to better understand the ultrasonic assisted soldering (UAS) process
and the various parameters that affect the solder quality, an automated ultrasonicassisted soldering system was developed. UAS soldering has been traditionally performed by hand using a hand-held soldering iron with a vibrating tip. This method
is prone to human error and lacks the desired repeatability for industrial applications and precise experimentation. Additionally, if manufacturers ever wanted to
use the UAS process for large scale production, automated systems would need to
be employed and soldering parameters would need to be understood to optimize the
process. Therefore, in an effort to bridge the gap between existing UAS methods and
incorporating UAS for industrial use, our research group developed an open-sourced
automated UAS system [61].
The UAS system was built on the base of a Hyrel Hydra 340 FDM 3D printer,
which provides control over various soldering parameters, such as tip control and
substrate heating. Gantry and lift systems of the Hydra 340 allow accurate positioning
and control along the X-, Y-, and Z-axes. Shaffer et al. give details for how the
gantry system controls the X and Y position and direction of the solder tip as well
8

as the tip speed, while the lift system provides accurate and constant tip heights
during soldering trials which is a vitally important parameter because the tip height
is directly related to the ultrasonic intensity [48, 61]. The Hyrel Hydra’s ability to
directly interface with a computer and receive g-code commands through the Repetrel
software is important for precise soldering experimentation.
The aforementioned ultrasonic soldering tip was provided by L3Harris, our
sponsor. The soldering stack assembly is comprised of the soldering tip, a piezoelectric transducer, a holding structure, heater rods, and a ceramic sheath. The
soldering tip design is proprietary to L3Harris, but a schematic of the tip and the overall soldering process can be seen in Figure 2.1. The piezo-electric transducer receives
electric signals from the commercial Sunbonder USM-IV soldering control unit by
Kuroda Techno Co., which controls the power and thus amplitude of vibrations of
the soldering tip (ranging from 0-5 µm). The transducer converts the electric signals
into mechanical motion and vibrates the soldering tip at ultrasonic frequencies of
f = 60 ± 5 kHz. Two heater rods are held in the metal holding structure near the
soldering tip to heat it to its operating temperature of 190 ◦ C. The rods are monitored
by a 100Ω RTD (resistance temperature detector) to prevent the tip stack assembly
from overheating. However, at sustained operating temperatures, the piezo-electric
transducer was prone to heat up and the power applied to the vibrating tip was
significantly reduced. To prevent thermal drift of the piezo-electric transducer, a
small axial fan was added to the top of the tip stack assembly to keep the transducer
cool and prevent loss of power.
The soldering tip has an orientation and thus requires leading edge soldering.
Therefore, to allow for multi-directional soldering a stepper motor with a belt and
pulley system was added to the gantry system. The belt was connected to the soldering tip, allowing the stepper motor to rotate the tip stack assembly about the Z-axis
9

Figure 2.1: Schematic of UAS process

to maintain leading edge soldering about any path. Attached to the stack assembly
is a solder extruder, which was another in-house design that was mounted directly
to the tip stack assembly to help maintain leading edge soldering. Additionally, the
extruder is linked to a control board that interfaces with the 3D printing software,
Repetrel, which allows for a precise volumetric flow rate of the solder.
Finally, a standalone heated base which holds a slide in place and prevents
it from moving in the X or Y-directions during soldering trials was added to the
printer’s base. It is equipped with two more heater rods and an RTD to promote faster
heating directly to the silica glass slides to aid in melting the solder. Additionally,
the standalone base was placed in a specific location on the printer’s bed so that one
corner of the slide could be set as the ‘park location’ in the Repetrel software. The
X-, Y-, and Z-coordinates can be zeroed at the ‘park location’ to allow for simple and
accurate soldering commands along the microscope slides.

10

2.1

Verification of Repeatability
Repeatability and consistency of the soldering machine is critical in the auto-

mated UAS process. One of the first tasks was to verify that the volume of solder
extruded during experiments could be controlled. This is an important parameter to
control not only in soldering, but also for the wetting studies performed here. The
degree of wetting of a solder line can be quantified by measuring its wetted width,
height, contact angle, and cross-sectional area. If the UAS system’s auto-extruder is
able to accurately control the volumetric flow rate of the solder, then a constant crosssectional area can be maintained for the solder lines across multiple experiments and
varying power levels. For volumetric flow rate V and tip speed v the cross sectional
area is

A=

V
.
v

(2.1)

With a constant cross-sectional area, variances in the width, height, and contact angle will help determine how acoustic radiation pressure impacts the wetting
properties. For example, if two solder lines have the same cross-sectional area, or the
same amount of solder, but one line is wider than the other it could be reasonably
concluded that this solder line exhibited better wetting characteristics.
To begin evaluating the auto-extruder and the ability to control the solder
feed rate, different inputs in the Repetrel program that could impact the solder’s
extrusion were varied. These parameters are typical quantities used in commercial
3D printing software to control the material’s feed rate. They include the pulses/µL,
nozzle diameter(mm), layer z-height(mm), and a flow multiplier. However, each value
in the program could not be directly related to the extruded solder volume; therefore,
the values of these parameters were empirically evaluated and changed until the layer
11

z-height parameter could be set to determine the cross-sectional area of the solder
line(in mm2 ). The software performs a calculation to find the needed volumetric
flow rate, V (mm3 /min), by multiplying the tip speed, v(mm/min), times the other
extrusion parameters. Based on the volumetric flow rate, the auto-extruder’s feeder
is rotated at a specific rate by the Repetrel program to satisfy the volumetric flow
requirement. The process of varying each parameter to be able to set the desired
cross-sectional area is explained below.
Each parameter was varied individually and a run of 70 mm was completed
at a tip speed of 140 mm/min. The extruder was manually reset to a specified
position before each run, and the final length of extruded solder was measured by
calipers. Each set of parameters was run three times to minimize any errors in
the measuring process, and the averaged value of the measurements was used in the
analysis. Table 2.1 shows the different parameters and the results of each trial. During
these experiments, the tip speed was also varied to affirm that the extrusion rate was
dependent upon the length of the solder line and not the time it takes to complete
the experiment. For example, the auto-extruder extrudes the same amount of solder
for a 70 mm line at 30 mm/min as for another 70 mm line at 400 mm/min. The only
difference is the speed at which it extrudes the solder.
Through the trials, it was determined that the layer z-height, nozzle diameter,
multiplication factor, and pulses/µL were directly proportional to the length of solder
extruded. An empirical equation was made with this relationship to be able to set
a desired cross-section with the layer z-height, while keeping the other parameters
constant,
(φHF P )LC1
πD2
4

12

= l.

(2.2)

Varied Parameters
Layer
Nozzle Mult.
Height Diam. Fac[mm]
[mm]
tor
0.05
1.27
1
0.05
1.27
1
0.05
1.27
1
0.05
1.27
2
0.05
1.27
0.5
0.05
2.54
1
0.05
0.635
1
0.10
1.27
0.5

Length(mm)
Pulses/
Run 1
µL

Run 2

Run 3

Average

300
200
250
300
300
300
300
300

12.18
7.99
10.47
25.62
5.73
25.71
6.78
12.64

12.7
8.02
10.54
23.69
6.02
24.99
6.81
12.52

12.827
8.0133
10.61
25.043
6.04
25.15
6.8167
12.597

13.6
8.03
10.82
25.82
6.37
24.75
6.86
12.63

Table 2.1: Varying extrusion parameters to establish a relationship to the volumetric
flow rate.

Where φ is the nozzle diameter, H is the layer z-height, F is the multiplication factor,
P is the pulses per microliter, L is the length of the run, D is the diameter of the
solid solder, C1 is some unknown constant, and l is the length of solder measured.
After inserting the data from Table 2.1 into Equation (2.2), C1 was found to be
12.1x10−3 mm3 . Equation (2.2) was then used to predict solder extrusion lengths at
various parameters. The predicted length and actual length of the solder are compared
in Table 2.2, and the percent error is seen to be relatively low. With the ability to
accurately predict the length of solder extruded, the nozzle diameter, multiplication
factor, and pulses/µL were set to specific, constant values that allowed the layer zheight value to be equivalent to the cross-sectional area of the solder that would be
extruded.
With the auto-extruder working reliably, the UAS system’s ability to produce
consistent solder lines and maintain leading edge soldering can be evaluated. The
details on how the machine produces consistent solder lines are published in Shaffer’s
article [61]. Figure 2.2 demonstrates the machine’s ability to follow curved paths,
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Predicted Length [mm]
6.36
6.36
6.36
8.48
10.6
12.7
12.7
25.4
25.4

Actual Length [mm]
6.04
6.81
6.81
8.00
10.6
12.5
12.8
25.0
25.1

Percent Error [%]
5.03
7.07
7.07
5.66
0.00
1.57
0.79
1.57
1.18

Table 2.2: Comparison of predicted and actual length of extruded solder

start and stop soldering at various intervals, and move in multiple directions while
maintaining leading edge soldering.

Figure 2.2: Demonstration of leading edge soldering.

2.2

Soldering Trials (Preliminary DOE)
With the UAS system working dependably, various trials were run to un-

derstand which process parameters affected the solder quality. Various experiments
designed by L3Harris were conducted that investigated changes in solder quality depending on common soldering parameters such as the tip speed, tip height, and
ultrasonic power applied to the tip. It was quickly discovered that there were entry
and exit length effects in the solder lines. That is, when a new solder line was started,
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it would take some time for the molten solder to build up on the tip and then be
deposited on the silica-glass microscope slide. To reduce error due to entry length
effects, a new standalone base was added in order to run an initial line before starting
the actual soldering run on the cleaned microscope slide. This allowed molten solder
to build up on the tip which translated to immediate adhesion on the cleaned slide,
and the adverse entry length effects were drastically reduced. The exit length effects
were due to the tip pulling solder away from the microscope slide as the tip is removed
from the molten solder. While this situation is unavoidable, its effects on the solder’s
adhesion are minor compared to the entry length effects.
With a repeatable soldering method, the quality of soldering for different trials
was studied. The quality of solder was determined by the visual porosity at the soldersilica interface. The transparency of the microscope slides allowed optical micrographs
to be taken with a microscope camera, and a program was written in MATLAB to
perform a porosity analysis of the solder. Each image was converted to a black and
white scale, and the pixels were counted to determine the percent porosity of the
solder line (cf. Figure 2.3). Through this method, the degree of adhesion could
be quantified, and the parameters that greatly impacted the solder’s bond could
be found. It was concluded that the tip speed was the most dominant parameter
in affecting the porosity of solder lines. By reducing the speed of soldering, the
porosity significantly decreased because the longer times of soldering allowed for all
the cavitating bubbles in the molten solder to collapse before the tip moved away and
the solder solidified. Knowing that the tip speed was the critical parameter in solder
quality, additional experiments were designed and conducted to verify the assumption
that lower levels of porosity produced stronger solder bonds.
Lap shear tests were also performed to test the mechanical strength of the
solder bond. Two microscope slides were soldered together in a single lap shear
15

Figure 2.3: Microscope images showing the porosity of the solder/glass interface.
design (Figure 2.4) and subjected to compressive shear testing. It was found that
lower porosity did not necessarily correlate to stronger solder bonds, and that the
bonding mechanism was complex. At soldering speeds below 90 mm/min, the solder
became brittle and failure would occur in the bulk of the solder bond. Conversely,
samples made at 500-1000 mm/min would fail at the interface due to poor adhesion
because of extensive porosity. While the assumption that higher porosity leads to
lower strength of adhesion proved to be true, it was also found that the lowest porosity
did not have the highest bonding strength. This was because the solder was “oversonicated” and experienced oxidation causing the solder to yellow in color and become
brittle [43, 47]. A range of speeds from 100-200 mm/min proved to have some of the
strongest solder bonds despite not having the lowest porosity. At these levels, most
of the bubbles were able to cavitate before the solder melt solidified promoting good
adhesion, but the soldering tip was not present long enough to lead to oxidation
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Figure 2.4: Single lap shear diagram.
and reduced strength in the solder bulk. For most experiments, a tip speed of 180
mm/min is used because of its ability to produce a high quality solder bond,
The aforementioned discussion focused on system development and quantifying
the adhesion strength in the UAS process. Most research in UAS has focused on the
adhesion of solder and the strength of the solder bonds [1, 38, 54, 62, 64], but relatively
little attention has been given to the physics behind why UAS actually works. Many
people have often accepted cavitation as the physical explanation for why UAS works,
but there are more fundamental physics driving the process of UAS, such as why do
ultrasonic vibrations improve the wetting properties of the solder lines? Cavitation
explains how and why the solder has improved adhesive properties, but it cannot
account for the greater degree of wetting seen in UAS. This thesis is focused on
quantifying the wetting properties in the UAS process to ceramic substrates. Careful
experiments will focus on the relation between the intensity of the acoustic radiation
pressure from the ultrasonic tip and its impact on the wetting properties of the solder
lines. These experiments will be compared to a theoretical model of wetting due to
acoustic radiation pressure.
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Chapter 3
Experiments in Wetting
3.1

Experimental Method
Figure 3.1 shows a dramatic increase in the wetted width of a solder line when

ultrasonic vibrations are applied. The two lines have identical soldering parameters
except the power from the Sunbonder box is turned on for the second line, which leads
to better adhesive and wetting properties. The improved adhesion can be attributed
to cavitation induced by the vibrating tip, but the increased wetted width is due
to another phenomenon. Acoustic radiation pressure is theorized to be the physical
explanation for the solder’s behavior. It is the time averaged pressure acting on
an interface or object in a sound field and behaves as a steady unidirectional force
[28]. This force acting on the solder’s interface effectively pushes the solder outwards,
increasing its width, i.e. wetting. As the solder spreads, the cavitation helps facilitate
adhesion between the solder and the microscope slide producing a firm bond. The
improved wetting of the solder results in more contact area causing the solder line and
slide to be more tightly adhered to one another. As increased solder bond strength is
desirable, understanding how acoustic radiation pressure affects the solder’s wetting
18

Figure 3.1: Contrast in solder lines with (bottom) and without (top) ultrasonic power.

behavior and how to control it with the UAS system is of great interest.
The two primary soldering parameters that directly influence the acoustic
radiation pressure’s intensity are: 1) the power applied to the piezo-electric transducer
which affects the amplitude of the vibrations from the soldering tip, and 2) the tip
height which changes the intensity of the acoustic radiation pressure due to distance
from the source [48]. It is reasonably assumed that as the power is increased, the
amplitude of vibrations is increased, and the wetting properties of the solder lines
would improve. Conversely, as the tip height is increased, the wetting properties will
likely decline because the source of the acoustic radiation pressure is farther away
from the substrate and its intensity can be dissipated. Two primary experiments were
designed to vary the ultrasonic power and tip height, respectively, and understand
each parameter’s impact on the wetting behavior of the solder lines. Tables 3.1 and
3.2 lay out the experiments run to vary the power and tip height to see how the
wetting properties of the solder are changed.
For each set of experiments, the tip speed was set to 180 mm/min, which has
been proven to be an effective soldering tip speed. Additionally, the cross-sectional
area was set to be 0.2 mm2 for all lines. For experiments varying the power, the tip
height was set to 0.2 mm while the power was changed from 0W to 5W. Conversely, for
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Power [W]
0
0.7
1
1.25
1.5
1.75
2
3
4
4.5
5

Tip Height [mm]
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

No. Samples
5
10
15
10
15
10
15
10
10
10
10

Table 3.1: Experimental conditions for varying ultrasonic power.
Tip Height [mm]
0.1
0.2
0.3
0.4
0.5
0.6

Power [W]
4.5
4.5
4.5
4.5
4.5
4.5

No. Samples
10
10
10
10
10
10

Table 3.2: Experimental conditions for varying tip height.

varying the tip height, the power was set to 4.5W while the tip height was increased
from 0.1 mm to 0.6 mm.
The solder used in all of these experiments is S-Bond 140 M1 by S-Bond
Technologies provided by L3Harris. The S-bond 140 M1 is an “activated” tin-bismuth
(Sn-Bi) based solder with a modified eutectic point. It is referred to as an “activated”
solder because it contains low percentages of rare-earth, highly-reactive metals that
“activate” bonding to oxide substrates [60]. These active elements account for the
solder’s ability to adhere to ceramics or glass.
With a standardized and accurate UAS machine, each soldering trial was per-

20

Figure 3.2: Cross-sectional images of solder lines from microscope camera after serial
polishing comparing sonicated and unsonicated. [61].
formed on cleaned microscope slides. The problem then became finding a method to
accurately and non-destructively scan each solder line to measure its wetting properties, namely its width, height, contact angle, and cross-sectional area.

3.2

Data Collection Techniques
Several methods were employed to measure the width, height, contact angle,

and cross-sectional area of solder lines. It is common practice to use serial polishing to
obtain cross-sectional information and quantify the solder’s geometric features with
high-resolution. While this method can give clear results (see Figure 3.2), it is time
consuming and is a destructive, irreversible means of measurement [61].
Therefore, non-destructive methods were sought to characterize the solder’s
wetting properties. The first method was the use of a homemade profilometer to
trace profiles of the solder lines; however, the profilometer’s resolution and accuracy
were not high enough to provide reliable information to understand how the wetting
properties were impacted by varying parameters during the soldering experiments.
Details for the profilometer are given in Appendix A. An image processing program
was also written that could accurately measure the width of the solder lines. This non-
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destructive process was useful for quickly giving reference values for widths, but it was
ultimately insufficient because it only provided width data of the solder lines. Finally,
an optical profiler was used to make 3D scans of the solder lines and this coupled
with a data-processing program provided sufficient and accurate measurements of
the solder’s width, height, contact angle, and cross-sectional area.

3.2.1

Image Processing
The first additional means for data collection was through image processing,

which allows measurements to be made of an object through analysis of an image.
Image processing is a non-destructive means to calculate the widths of solder lines,
and it also proved to be the fastest data collection method.
An image processing program was written in MATLAB that imported an
image of a microscope slide on a piece of paper next to a black dot, as shown in
Figure 3.3(a). The black dot has a known diameter of 10 mm, and it can be cropped
out in the MATLAB program and converted to a black and white scale (Figures 3.3(b)
and 3.3(c)). The program then counts the number of pixels vertically and horizontally
that make up the diameter of the circle. This number is done to calibrate pixels to
length and is used to establish a ratio of 10 mm to the number of pixels in the
diameter, which can be used to find the width of the solder lines in millimeters.
After calculating the ratio, the slide is cropped and converted to a black and
white scale just like the dots (Figures 3.4(a) and 3.4(b)). Each solder line is subsequently cropped out as shown in Figure 3.4(c), and the pixels across the width of
the solder line are counted. The ends of the solder lines are excluded when cropping
each line because it can skew the width results if there are no white pixels once the
solder line has ended. The number of pixels along the width of each line is multiplied
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(a)

(b)

(c)

Figure 3.3: Image processing technique with the (a) original image of slide, (b)
cropped dot, and (c) black and white dot for pixel calibration.
by the ratio, and the width in millimeters is averaged across the length of the entire
solder line. To verify the accuracy of the measurements with the image processing
program, calipers were used to physically measure the solder lines. This procedure
verified that the widths calculated by the image processing protocol were indeed the
physical widths of the solder lines.
(a)

(b)

(c)

Figure 3.4: (a) Cropped slide, (b) black and white slide, and (c) zoomed-in view of
individual solder line.
After running a few soldering trials where the power was varied but all other
soldering parameters were kept constant, the image processing code was used to
23

calculate the widths of each solder line. Power levels were varied from 0W to 5W,
and five lines were soldered on each slide. The average widths were plotted against
the applied power and a general increase in width was seen as the power increased.
However, it can be seen in Figure 3.5 that there is a plateau of the widths after about
2W. This implies that there is a limit to how well the solder can wet the microscope
slide and led to a focus on the widths of lines soldered at power levels between 0W
and 2W.
3.5

3

2.5

2

1.5

1

0.5

0
0

1

2

3

4

5

6

Figure 3.5: Averaged solder line widths against ultrasonic power as measured by the
image processing technique.

The image processing data collection method allowed for quick data analysis
to be performed and helped narrow the focus of experiments on lower power levels
where the most dramatic increases in widths were seen. This method was also used in
contact area calculations for the compressive shear tests that investigated the strength
of solder bonds. Additionally, results from image processing were used to help verify
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the data collected from the optical profiler discussed in the next section. While the
width of the solder lines was the only wetting property that image processing was
capable of measuring, it proved to be a useful technique.

3.2.2

Olympus LEXT Optical Profiler
The Olympus LEXT Optical Profiler is a laser confocal microscope capable

of measuring shape and surface roughness at the sub-micron level. It uses laser
and Z-layering image scans to create highly accurate profiles and images of objects.
Figure 3.6 shows a close up image and profile of a solder line measured with the
Olympus LEXT. The X- and Y-resolutions are 120 nm, and the Z-resolution is 10
nm. With these resolutions, the optical profiler is dramatically more accurate than
the homemade digital profilometer and can detect slight changes in width due to
variations in power levels. The Olympus profiler was used to scan each solder line
along a small segment of its length. The middle portion of each solder line was chosen
for the scan. After each scan, an image of the solder line (Figure 3.6(a)), a profile
outline (Figure 3.6(b)), the height and width from the profile outline, and the scan
data were saved and exported for later data analysis.
(a)

(b)

Figure 3.6: Optical profilometry yields a (a) microscope image and (b) profile of the
solder line.
The data analysis was performed in MATLAB using the data from the Olympus LEXT which is a grid of heights measured in the Z-direction at every X and Y
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location that the laser scanned the solder line. A 3D rendering of the solder line can
be generated using the matrix of z-height values, and several smoothing function are
used to reduce the noise while maintaining the correct shape of the solder line (See
Figure 3.7).

Figure 3.7: Typical 3D rendering of solder line profile from optical profilometer data.

From this data, the width, height, contact angle, and cross-sectional area of
the solder lines can be calculated. Each wetting parameter is measured along all 1000
cross sections of the scanned solder line and averaged to find a typical value. The
height is simply found by subtracting the lowest measured value (which is assumed
to be the level of the microscope slide) from the largest height value. The crosssectional area is computed by integrating along the profile of the cross-section to find
the area beneath the curve. The width is found by determining when the deviation
in neighboring points falls below a specific value indicating that a flat surface has
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been reached. The distance between the two end-points is scaled by the distance
in millimeters to the interval of measurements ratio. Finally, the contact angle is
measured by calculating the slope in between the edge of the solder line and a point
a few microns away along the solder line’s profile. All values are converted to the
millimeter scale and were compared to the height and width data recorded at the
single profile outline which was exported from the software program. By comparing
these results, the processing code was verified to be accurate in determining the
wetting parameters.
The width results from the code were also compared with the results from
image processing. Table 3.3 reveals that there is very low percent error between
the two data collection techniques, and the data analysis from the Olympus LEXT
can be further trusted to provide accurate wetting property measurements. With
this confidence, each slide was run through the program in MATLAB and its width,
height, contact angle, and cross-sectional area were recorded.

Power [W]
0.7
1
1.25
1.5
1.75
2
3
4
4.5
5

Percent Error [%]
4.42
5.42
4.14
2.27
4.33
4.88
2.88
3.84
3.58
6.91

Table 3.3: Error in solder width between image processing technique and optical
profilometry.
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Chapter 4
Experimental Results
Each experimental solder line was scanned and imaged with the Olympus
LEXT Optical Profiler and the data was processed to calculate the width W , height
H, contact angle α, and cross-sectional area A. The data was compiled to generate
the figures shown in this section. The data in each figure corresponds to the average
wetting parameter with 95% confidence intervals plotted against either 1) the applied
power or 2) the imposed tip height.
Figure 4.1(a) plots the width against the applied ultrasonic power and shows
an increase in wetted width as the power is increased. A steady increase in the width
is seen from 0W to 2W, that plateaus near 2.45 mm for powers greater than 2W.
The plateau could be due to the equilibration of the acoustic radiation pressure with
the wetting force for this particular contact angle, α = 12◦ . Increased power leads to
decreases in height, as shown in Fig. 4.1(b). This is expected because as the width
increases the height must decrease to maintain a constant cross-sectional area. The
height approaches a constant value H ≈ 0.13mm for even low powers, suggesting this
is a geometric effect. Figure 4.1(c) plots the cross-sectional area against power and
verifies a crucial assumption and design in the UAS system, that the area remains
28

constant. The exception is for 0W. Solder lines at 0W have trouble maintaining a
constant area because the solder often fails to adhere to the surface, can get dragged
by the tip, or is subject to wavy instabilities along its length. These might be due to
Plateau-Rayleigh breakup [7, 10]. Furthermore, Figure 4.1(c) shows that the average
cross-sectional area is A = 0.2mm2 , which is the desired area from our automated UAS
system. This further validates our system development. We will use this observation
later when deriving a model for the cross-sectional shape of the solder line. Figure
4.1(d) plots the contact angle against power and is shown to decrease with increasing
power. This is again expected because as the width increases, the contact angle must
decrease to reduce the height and maintain a constant cross-sectional area. We note
that the scattered nature of the graph may have more to do with the data acquisition
and contact angle calculation in data processing than what is physically true about
the solder lines.

29

(a)

(b)
3

0.3

2.5

0.25

2

0.2

1.5

0.15

1

0.1

0.5

0.05

0

0
0

1

2

3

4

5

6

(c)

0

1

2

3

4

5

6

0

1

2

3

4

5

6

(d)

0.35

40

0.3

35
30

0.25

25
0.2
20
0.15
15
0.1

10

0.05

5

0

0
0

1

2

3

4

5

6

Figure 4.1: The (a) width, (b) height, (c) cross-sectional area, and (d) contact angle
against power for fixed tip height, tip speed, and extrusion rate.
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Experiments were conducted for fixed power and varying tip height to investigate the role of geometry in the wetting properties. The power was kept at 4.5W,
which is the typical power level for most of the experiments. Figure 4.2(a) shows the
width decrease with increasing tip height. This could be expected as the source of
acoustic radiation pressure was further from the substrate where wetting occurs, i.e.
the acoustic intensity decreases. Increasing solder height is observed with increased
tip height (cf. Figure 4.2(b)). Figure 4.2(c) shows that the cross-sectional area deviated further from the desired value 0.2 mm2 than in the varying power experiments.
This could be do to a number of factors, including different heating conditions as the
solder is melted from the combined heating of the solder tip and substrate. It is also
worth noting the relatively large error bars for varying tip height, which indicates that
the process becomes less precise as the tip is moved away from the substrate. Lastly,
a large increase in contact angle is seen for the largest tip height. This difference is
substantial and could perhaps lead to decreased work of adhesion (Figure 4.2(d)).
Overall, the experimental results supported the initial assumptions that higher
power levels and lower tip heights would effectively increase the solder’s wetting properties, meaning that the width would increase, while the height and contact angle
would decrease. However, this assumption has now been quantified and will help
improve precision and repeatability in the UAS process. Additionally, it was experimentally shown that the cross-sectional area for solder lines remain relatively
constant. This result not only verifies the repeatability and sophistication of the
UAS system, but it will also validate a crucial assumption made in the model used
to predict capillary shapes that will be explained in the next few chapters.
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Figure 4.2: The (a) width, (b) height, (c) cross-sectional area, and (d) contact angle
against the tip height for fixed power, tip speed, and extrusion rate.
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Chapter 5
Theoretical Model for Solder
Shapes
It is clear from experiments that acoustic radiation pressure leads to enhanced
wetting. The aim of this chapter is to derive a physical-based model that can predict
the degree of wetting in UAS in order to compare with experiment.

5.1

Capillary Shape Equation
The length scale of a typical solder line in experiment has a half-width or

radius L ≈ 1.2mm. For reference, the capillary length
r
`c =

σ
.
ρg

(5.1)

where σ is the surface tension, ρ is the density, and g is the gravitational force for the
Sn-Bi based solder is `c ≈ 2.2mm. [19, 52]. Since L < `c for the experiments, it can
be assumed that surface tension forces dominate gravitational forces. Similarly, the
time scale associated with the tip frequency 60kHz is smaller than both the capillary
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tc = 0.006s and viscous tv = 2.063 × 10−5 s time scales, such that the interface evolves
quasi-statically. Accordingly, we focus on the static interface shapes.
Capillary shapes are described by the Young-Laplace equation,

∆p = σ(2H),

(5.2)

which relates the pressure difference ∆p across the interface to the mean curvature H
there [19, 58]. The sources of pressure, p, in the UAS process include the hydrostatic
and acoustic radiation pressures and their functional forms are discussed in the next
section.
Note that Equation (5.2) is defined irrespective of a coordinate system and
to proceed with the model development, one must be introduced. The Cartesian
coordinate system is chosen, x − z (see Figure 5.1), and the interface can be defined
with the function z = z(x) [39] with unit normal to the interface is given by

n̂ = r

∂z
,
− ∂x

1+

∂z
− ∂y
,


∂z 2
∂x

+


1
 2 .

(5.3)

∂z
∂y

Figure 5.1: Definition Sketch

The mean curvature is related to the principle curvatures κ1 , κ2 through the relation-
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ship 2H = κ1 + κ2 . For the Cartesian system, this yields

∆p = σ 

∂2z
∂x2

1+

 3/2
∂z 2
∂x

,

(5.4)

which is a second-order, nonlinear differential equation governing the interface shape
[39].

5.2

Pressure Terms
Due to the linearity of pressure in the Navier-Stokes equation, each respective

term can be summed together and substituted into Equation (5.4). These include the
unknown Laplace pressure, p, necessary to ensure the constant volume conditions,
the hydrostatic pressure due to gravitational forces given by

phyd = ρgz,

(5.5)

and the acoustic radiation pressure, which can be derived from the Navier-Stokes and
continuity equations [5, 6, 17, 16, 42].
The acoustic radiation tensor describes the stresses on the surface of the obstacle [11]. The term acoustic radiation pressure has been adopted to refer to the
time-averaged stress acting on the surface of an obstacle in an acoustic field, and the
radiation force is the resultant time-averaged force due to this radiation pressure [28].
This force can be projected onto the direction normal to the interface to obtain an
equation for the acoustic radiation pressure [49].
To derive an expression for the acoustic radiation pressure, consider the wave

velocity due to an acoustic source, u = ωξo cos 2πz
− ωt , where ω is the angular
λ
frequency of oscillations, and ξ0 is the amplitude of vibrations [51]. Substituting this
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form into the Navier-Stokes equations and taking the time average of each term, an
expression for the ARP is found,
ρ (ωξ0 )2
pr =
2




B
2
+ cos (φ) ,
2C

(5.6)

Here B/C is known as the parameter of nonlinearity in fluids [4]. The geometric
factor can be expressed in terms of x and z,

cos2 (φ) =

x2
x2
=
r2
x2 + z 2

The nonlinearity parameter B/2C can be absorbed into the constant Laplace pressure
p and is dropped for simplicity. Then the acoustic radiation pressure can be written
as
ρ (ωξ0 )2
pr =
2



x2
x2 + z 2


.

(5.7)

Combining the three pressure terms into the Young-Laplace equation yields the capillary shape equation.
ρ (ωξ0 )2
p + ρgz +
2

5.3



x2
x2 + z 2

∂2z
∂x2


= σ

1+

 3/2
∂z 2
∂x

.

(5.8)

Boundary and Integral Conditions
Boundary and integral conditions must be specified to construct a solution to

Equation (5.8). The integral condition imposes a given area underneath the interface
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and is written as
Z

R

z(x)dx = A.

(5.9)

0

For reference, A = 0.2 mm2 in the experiments.
At the axis-of-symmetry x = 0, the boundary condition
dz
=0
dx

,

(5.10)

x=0

is specified in order to enforce symmetric capillary shapes. At the contact line, x = R,
a zero-height or contact condition is enforced,

z=0

.

(5.11)

x=R

The boundary (5.10 - 5.11) and integral (5.9) conditions are combined with
Equation (5.8) to form a well-posed system that can be solved for the interface shape
z(x) and pressure p.

5.4

Non-dimensionalization
The governing equations can be non-dimensionalized by defining the length

scale as the radius of the cross-section of the solder line, R, and scaling pressures
with the capillary pressure, σ/R [49],

x̂ =

x
,
R

ẑ =

z
,
R

p̂ =

R
p.
σ

Here hats denote dimensionless quantities. Introducing these scalings and simplifying
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yields the non-dimensional capillary equation
1
p̂ + Boẑ + We
2



x̂
√
2
x̂ + ẑ 2

d2 ẑ
dx̂2


=

1+

 3/2
dẑ 2
dx̂

.

(5.12)

A number of dimensionless numbers arise from this choice of scaling,

Bo =

ρgR2
,
σ

We =

ρ(ωξ0 )2 R
σ

where Bo is the Bond number relating the gravitational to surface tension forces and
We is the Weber number relating acoustic to surface tension forces.
The boundary and integral conditions can also be non-dimensionalized to obtain
dẑ
=0
dx̂

5.5

Z
,

ẑ = 0

x=0

,
x=1

1

ẑ(x̂)dx̂ = Â.

(5.13)

0

Numerical Solution
Equations (5.12) and (5.13) form a boundary value problem for the solder line

shape that can be solved numerically using the MATLAB built-in function bvp4c. To
satisfy the integral condition (5.9) the following trick is implemented. The dimensionality of the system can be increased by defining
dÃ
= ẑ
dx

(5.14)

which is recognized as the differential form of the integral condition. The associated
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boundary conditions are given by

Ã(0) = 0,

Ã(1) = Â.

(5.15)

By construction, each solution will enclose an area Â.
To summarize, for a given set of parameters Bo, We, Â the numerical solution
will deliver z, dz/dx, Ã, and p along the width of the interface.
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Chapter 6
Model Predictions
6.1

Model Results
Typical numerical solutions from the model are shown in Figures 6.1 and 6.2.

Here increases in the Bond and Weber numbers tend to flatten the drop shape, as
could be expected. For a given set of parameters Bo, We, a shape with prescribed
area Â is computed. Each of these shapes has a unique pressure p determined as part
of the solution and a contact angle α. Recall that the contact-angle appears in the
work of adhesion that describes the chemical bond between solder and substrate in
this application.

Figure 6.1: Capillary shapes for varying Bond numbers.
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Figure 6.2: Capillary shapes for varying Weber numbers.

Figure 6.3 plots the contact-angle α against area Â, as it depends upon Weber
number We. For fixed We, it can be seen that α increases with Â, as is expected.
For fixed contact-angle α, increasing We leads to a decrease in Â. A decreasing nondimensional area corresponds to an increased wetted width because the area is scaled
by and is inversely proportional to the true radius squared, Â = A/R2 . Therefore,
higher Weber numbers lead to increased wetted widths, which will be discussed in
detail shortly. This is best seen in Figure 6.4 which plots We against Â as it depends
upon α. For fixed wetting conditions α, Figure 6.4 shows how to choose We to achieve
a given Â. This information could be useful in UAS applications where precision
soldering is desired.
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Figure 6.3: Contact angle α against area Â as it depends upon Weber number, We,
for Bo=0.
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6.2

Fixed Contact-angle Conditions
In the solution construction, lengths were scaled such that the wetted width

was fixed and the contact-angle was allowed to vary, as shown in Figures 6.1 and 6.2.
A complementary condition is such that the contact-angle α is fixed and the width is
allowed to vary [8, 9, 50]. This is actually a more appropriate condition to apply for
the UAS process. The analysis also yields results for the fixed angle condition and
the interpretations of the solutions is discussed.
For a given α and We, Â can be computed and when it is unscaled, it yields
the appropriate length scale R that is related to the unscaled area A by
A
Â = 2
R

r
⇒

R=

A
Â

.

(6.1)

For reference, A = 0.2mm2 in the experiments. The capillary shapes can be unscaled
with this length scale R, as shown in Figure 6.5. Figure 6.5(a) shows two scaled
shapes with fixed angle α = 50◦ but different Â. Figure 6.5(b) shows the unscaled
shapes which have identical α and A but dramatically different wetted widths. The
increase in wetted width for large contact angles is dramatic but is less so at smaller
contact angles, as shown in Figure 6.5(c),(d).
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Figure 6.5: The (a) unscaled and (b) scaled capillary shapes at α = 50◦ , and the (c)
unscaled and (d) scaled capillary shapes at α = 12◦ for A = 0.2mm2
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6.3

Comparison with Experiment
The acoustic radiation pressure applied by the Sunbonder box in the auto-

mated UAS system is an unknown quantity and only its effects on the widths of the
solder lines can be observed. This makes a quantitative comparison challenging. In
order to begin quantifying the ARP from the ultrasonic soldering tip, an empirical
scale factor is introduced to compare similar values of widths and establish a relationship between the power from the Sunbonder box and the Weber number. The power
can be compared to the Weber number by observing the amplitude of vibrations of
the ultrasonic soldering tip at different power levels.
A digital micrometer was used to measure the amplitude of the solder tip
displacement as a function of power, as shown in Table 6.1. The Weber number is
directly proportional to the amplitude squared ξ02 , and accordingly, doubling the amplitude increases the Weber number by a factor of four. Therefore, the output power
level from the Sunbonder box can be related to the acoustic radiation pressure applied to the solder line through the Weber number by a to-be-determined scale factor.

Power [W]
0.7
1
1.5
2
3
4
5
6

Amplitude [µm]
1
1.2
1.35
1.5
1.6
1.75
1.85
2

We Multiplier
1
1.44
1.82
2.25
2.56
3.06
3.42
4

Table 6.1: Amplitude variance at different power levels.

The empirical scale factor can be found by dividing the true width from ex46

periments by the scaled width from the model with Equation (6.2),

scale =

true width
.
model width

(6.2)

It was chosen to normalize by making the width at We=20 (4.216 mm) equal to the
experimental width at a power level of 4W (2.45 mm). This gives a scaling factor
s = 0.5811 with corresponding widths and heights, as they depend upon We, given in
Table 6.2. These predicted widths more accurately reflect those seen in experiment.
We
0
1
2
3
4
5
6
7
8
9
10
12
15
17
20
22
25

Width [mm]
1.964
1.993
2.016
2.039
2.071
2.096
2.122
2.158
2.177
2.196
2.206
2.279
2.348
2.385
2.450
2.492
2.551

Height [mm]
0.1029
0.1008
0.0990
0.0973
0.0953
0.0936
0.0920
0.0901
0.0889
0.0877
0.0869
0.0836
0.0803
0.0786
0.0759
0.0742
0.0720

Table 6.2: Scaled width and height at each Weber number for α = 12◦ and A =
0.2mm2 .

Table 6.1 can be used to relate the Weber number to a power level. Recall
that the width at We=20 has been chosen to match the width of a line soldered at
4W. Therefore, it can be concluded from Table 6.1 that the Weber number at 4W
will be 3.06 times greater than the Weber number at 0.7W. This reasoning applies to
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every power level and the nearest integer for the Weber number is recorded in Table
6.3. The width corresponding to each Weber number is taken from Table 6.2 and
compared to the average width at each power level measured from experiment. The
percent error between the experimental and model widths is listed in Table 6.3.

Power [W]
0.7
1
1.5
2
3
4
5

We
6
9
12
15
17
20
22

Model Width
2.122
2.196
2.279
2.348
2.385
2.450
2.492

Exp. Width
2.032
2.301
2.232
2.406
2.425
2.452
2.469

% Error
4.43
4.56
2.12
2.43
1.64
0.08
0.94

Table 6.3: Comparison between wetted width predicted by the model and measured
in experiment.

As shown in Table 6.3, the comparison between model and experiment is very
good over a range of power values. It should be noted that the experimental and
theoretical heights do not match up as well as the widths, but this can be attributed
to a geometric effect imposed by the soldering tip. Nevertheless, the good agreement
with experiment suggests that the wetted width of a solder line in the UAS process
could be predicted to a good degree of certainty. This is important for developing
this automated manufacturing process.
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Chapter 7
Conclusion
This thesis covers the development of an open-sourced, fully automated ultrasonic assisted soldering machine. The UAS machine modified a 3D printer to utilize
its ability to accurately and repeatedly control various soldering parameters such as
the tip speed, tip height, extrusion rate, and ultrasonic power. Through extensive
experimentation, the UAS system was verified to dependably solder consistent lines,
maintain leading edge soldering, and control the volumetric flow rate of the solder.
Various experimental studies have been performed to investigate 1) system repeatability, 2) solder joint quality, and 3) adhesion strength of the solder joint to ceramic
substrates.
The focus of this thesis is to understand the physics behind the improved
wetting properties of solder due to ultrasonic vibrations. Multiple experiments were
run varying either the ultrasonic power or the tip height, and the solder geometry
was measured using multiple techniques. The first was a custom digital profilometer
that was built and could be seamlessly integrated into the UAS system; however, its
data lacked the required precision to detect slight changes in the dimensions of the
cross-section. Next, an image processing program was used to quickly and accurately
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measure the solder line widths, but was unable to measure the height, cross-sectional
area, or contact angle. Finally, an optical profiler in Clemson’s Light Imaging Facility
was able to accurately scan the solder’s profile, and a data processing program was
used to calculate the width, height, contact angle, and cross-sectional area. This gave
the most precise measurements.
The experiments showed that increased power led to enhanced wetting properties of the solder line. The power required to achieve enhanced wetting was minimal
and seen to plateau after a critical value was reached. This is useful to know in practice that system performance is not greatly affected by changes in power level above
the critical value. This implies the system is robust from the perspective of wetting.
Similarly, it was found that increasing the tip height above the substrate deceased
the wetting behavior, presumably due to the interactions of the acoustic field with
the substrate.
A model was then developed to describe the solder geometry, as it depends
upon the acoustic radiation pressure and cross sectional area (i.e. volumetric flow
rate). The governing equation for the capillary shape is a nonlinear differential equation, and the associated boundary value problem is solved numerically in MATLAB.
The numerical solution qualitatively describes the enhanced wetting due to acoustic
radiation pressure as described by the Weber number. Since the exact mechanical
power delivered by the Sunbonder box to the solder melt was unknown, the model had
to be calibrated to one experimental data point. After doing so, the model was shown
to be quantitatively accurate and was able to reproduce the experimental results to
a good extent given the uncertainty in the UAS process. This empirical relationship can be used to improve this manufacturing process for high-precision soldering
applications.
Through this research, a deeper understanding of the physics of wetting in
50

ultrasonic assisted soldering was gained. Acoustic radiation pressure from ultrasonic
vibrations was shown to be responsible for the improved wetting properties. This
is also important in quantifying the work of adhesion for the solder joint. However,
there is still room for improvement and further study in this area of UAS.
The model can be improved by taking into account the details of the acoustic
interactions with solder melt, i.e. finite tip geometry, reflection, and transmission
through the interface and substrate. Perhaps it would even be possible to understand
the full acoustics from the transducer to the tip to the solder melt. It would be
interesting to further study the details of cavitation and what role the bubbles in the
solder melt have on both the wetting and adhesive properties of the solder joint.
The relationship between wetting and adhesion can be further studied by investigating the work of adhesion. Compression tests can be continued to measure
the strength of adhesion and discover what soldering parameters lead to increased
adhesion. By understanding what impacts the wetting and adhesive properties of
solder, the UAS process can be accurately controlled to produce precise and strong
solder bonds.
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Appendices
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Appendix A

Digital Profilometer

The first non-destructive method for measuring the wetting properties of solder
lines was a homemade profilometer using a digital test inidcator (P900-S129, Accusize
Industrial) (Figure 1(a)). The indicator has a resolution of 1 µm and an accuracy
of ±0.5µm and was connected to an Arduino Nano for direct communication to the
computer controlling the UAS system. The integration into the UAS system allows
the profilometer to be mounted directly to the gantry and lift systems and moved
along specific paths to measure the solder lines. The measurements from the digital
profilometer are then sent from the Arduino Nano back to the computer for data
processing.
The digital profilometer performs cross-sectional scans by moving the stylus to
specific locations, xn , across the width of the solder line. At each location, the height,
hn , is recorded, and the (xn , hn ) measurements are used to plot the cross-sectional
shape of the solder line (Figure 1(b)). A three-dimensional profile of the entire solder
line can be plotted by compiling all the cross-sectional scans along the line’s length.
The precision of the cross-sectional scans can be set to achieve the desired resolution
in the X (length) and Y (width) directions. Higher resolutions obviously provide
more detailed cross-sections but also take longer to measure the line. In the end,
a resolution of 2 mm along the length and 0.1 − 0.2 mm along the width provided
accurate topography of a solder line while maintaining reasonable scan times. Figure
1(c) illustrates a 3D plot of a solder line, and additional data processing work can be
used to find the solder’s width, height, contact angle, and cross-sectional area along
its length.
The digital profilometer is a useful measuring method that can be quickly
integrated into the UAS system due to its compatibility with the motion subsystem
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(a)

(b)

(c)

Figure 1: (a) Homemade profilometer, (b) sketch of profiling process, and (c) typical
solder line profile.
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and its ability to communicate directly to the computer. However, after initial scans,
it was unable to provide the resolution needed to detect differences in the solder’s
width as the soldering parameters were varied. While the digital indicator had a
high enough accuracy and resolution (on the order of 1 µm) to detect changes in the
solder’s height or width, the problems arose when trying to process the data. It was
difficult determining exactly when the solder line ended and the glass slide began
from the data. Additionally, the slides did not have a constant thickness and this
could skew the data. Finally, the arm that held the profilometer could slightly move
during a measurement scan and cause error. While most of these issues could be
fixed by improved data collection, analysis programs, and a stronger mounting arm,
a more precise technique was desired that would require less experimentation and
verification.
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[12] Mark Cannon, Bob Klenke, and Phil Zarrow. Lead-free soldering by hand. Assembly, 50(5):50–55, 2007.
56

[13] Preston B Carwile. Ultrasonic vibratory device, September 8 1953. US Patent
2,651,148.
[14] Yu-Chien Chang-Chien, Jenn-Ming Song, Bo-Chang Huang, Wei-Ting Chen,
Chi-Rung Shie, and Chuang-Yao Hsu. Oxidation properties of sn-cu-ni solders
with minor alloying additions. In 2010 5th International Microsystems Packaging
Assembly and Circuits Technology Conference, pages 1–4. IEEE, 2010.
[15] Gautam Chaudhary. Cavitation. Apr 2018.
[16] Boa-Teh Chu and Robert E Apfel. Acoustic radiation pressure produced by a
beam of sound. The Journal of the Acoustical Society of America, 72(6):1673–
1687, 1982.
[17] C Cinbis, NN Mansour, and BT Khuri-Yakub. Effect of surface tension on
the acoustic radiation pressure-induced motion of the water–air interface. The
Journal of the Acoustical Society of America, 94(4):2365–2372, 1993.
[18] D Courtney. Health hazards of soft soldering in the electronics industry. Reviews
on environmental health, 5(1):1–26, 1985.
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SnAg and SnZn lead-free solder alloys. Journal of Alloys and Compounds,
572:97–106, 2013.
[57] J Pepys and CAC Pickering. Asthma due to inhaled chemical fumesaminoethyl ethanolamine in aluminium soldering flux. Clinical & Experimental Allergy,
2(2):197–204, 1972.
[58] Y Rotenberg, Lr Boruvka, and AWilhelm Neumann. Determination of surface
tension and contact angle from the shapes of axisymmetric fluid interfaces. Journal of colloid and interface science, 93(1):169–183, 1983.
[59] Roberto Sangiorgi, Maria L Muolo, Dominique Chatain, and NICOLAS EUSTATHOPOULOS. Wettability and work of adhesion of nonreactive liquid metals on silica. Journal of the American Ceramic Society, 71(9):742–748, 1988.
[60] Lawrence W Shacklette, Donna L Gerrity, Michael R Lange, James C Beachboard, and Ronald Smith. Interfacial studies of a metallurgical bond between”
activated” ultrasonically applied solder and high purity fused silica. In Material Technologies and Applications to Optics, Structures, Components, and SubSystems III, volume 10372, page 1037207. International Society for Optics and
Photonics, 2017.

60

[61] J Shaffer, K Maassen, C Wilson, P Tilton, L Thompson, H Choi, and J Bostwick.
Development of an open-sourced automated ultrasonic-assisted soldering system.
Journal of Manufacturing Processes, 47:284–290, 2019.
[62] Laura Smith and Jeff Jennings. Ultrasonic casting of off-eutectic tin bismuth
solder alloy for mechanical property testing. In ASME International Mechanical Engineering Congress and Exposition, volume 59490, page V012T10A014.
American Society of Mechanical Engineers, 2019.
[63] Kenneth S Suslick and Gareth J Price. Applications of ultrasound to materials
chemistry. Annual Review of Materials Science, 29(1):295–326, 1999.
[64] S Tamura, Y Tsunekawa, M Okumiya, and M Hatakeyama. Ultrasonic cavitation
treatment for soldering on zr-based bulk metallic glass. Journal of Materials
Processing Technology, 206(1-3):322–327, 2008.
[65] Ai Ting Tan, Ai Wen Tan, and Farazila Yusof. Effect of ultrasonic vibration time
on the Cu/Sn-Ag-Cu/Cu joint soldered by low-power-high-frequency ultrasonicassisted reflow soldering. Ultrasonics - Sonochemistry, 34:616–625, 2017.
[66] James R Terrill and Stanley F Dzierski. Fluxless ultrasonic soldering of aluminum
tubes, August 1 1972. US Patent 3,680,200.
[67] Amy Tikkanen. Cavitation.
[68] Koji Tsuzuki, Katsuhiko Inoue, Takeshi Takada, and Yoshifumi Takeyama. Photovoltaic device and manufacturing method of the same, September 16 1997. US
Patent 5,667,596.
[69] Iakovos Tzanakis, WW Xu, Gerard SB Lebon, DG Eskin, Koulis Pericleous, and
PD Lee. In situ synchrotron radiography and spectrum analysis of transient
cavitation bubbles in molten aluminium alloy. Physics Procedia, 70:841–845,
2015.
[70] Paul T. Vianco. Corrosion issues in solder joint design and service, 1999.
[71] Daisuke Yonekura, Tomoyuki Ueki, and Yuki Taguchi. Application of ultrasonic
assisted soldering method to hard-to-solder material. International Journal of
Modern Physics B, 32(19):1840054, jul 2018.
[72] Daisuke Yonekura, Tomoyuki Ueki, Kazushige Tokiyasu, Shuji Kira, and Toshio
Wakabayashi. Bonding mechanism of lead-free solder and glass plate by ultrasonic assisted soldering method. Materials & Design (1980-2015), 65:907–913,
2015.
[73] Frank M Zado. Soldering flux, September 25 1979. US Patent 4,168,996.
61

[74] Lei Zhang, Guangwei Sun, Li Li, and Jian Ku Shang. Effect of copper oxide
layer on solder wetting temperature under a reduced atmosphere. In 2007 8th
International Conference on Electronic Packaging Technology, pages 1–4. IEEE,
2007.
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